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ABSTRACT 
 
Gas hydrate growth was simulated in an agitated three-phase slurry reactor using a 
dynamic model that incorporates hydrate formation kinetics as well as system 
hydrodynamics and interphase heat and mass transfer rates. Supersaturation ratios 
and mole consumption rates were evaluated as a function of time for different gas 
and liquid superficial velocities. Based on available data and the conditions 
investigated, the kinetic resistance was found to be more influential than the 
resistance to gas-liquid mass transfer. 
 
INTRODUCTION 
 
Gas hydrates are non-stoichiometric crystalline compounds that form when a single 
gas or volatile liquid molecule occupies the cages of structured water (1). Hydrate 
compounds, containing mostly methane, are made naturally within the permafrost 
zone and in sub-sea sediment at temperature and pressure conditions within the 
thermodynamic stability region (1). Methane hydrate is considered a potential energy 
resource due to its immense quantities and wide geographical distribution. Synthesis 
of gas hydrates is regarded as a means to capture carbon dioxide from flue gases as 
well as an alternate method of transportation and storage of natural gas as they 
eliminate the necessity of very low temperatures (-160 oC for Liquefied Natural Gas, 
LNG) and very high pressures (200 atm for Compressed Natural Gas, CNG). The 
hydrate contains about 160 Sm3 per m3 of hydrate, which is comparable to LNG and 
CNG, at near ambient temperatures (0 to -10 oC) and pressures (10 to 1 atm) (2). 
 
The various multiphase systems that have been suggested to produce gas hydrate 
can be categorized into two groups such that liquid (3) or gas (4) is the dispersed 
phase. The latter is preferred over the former as gas-liquid mass transfer can be 
improved by bubbling the gas into the liquid phase. In addition, systems with liquid 
as the continuous phase benefit from the greater heat capacity of water in order to 
remove the heat produced from hydrate formation. In this work, a dynamic model 
that depicts CO2 hydrate formation in an agitated slurry reactor is presented. 
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MODEL DEVELOPMENT 
 
The hydrate growth system is represented by gas bubbles and growing hydrate 
particles dispersed in liquid water. Initially gas is dissolved into the liquid in order to 
create a supersaturated solution. Then, at a specific time called the turbidity point, 
nucleation occurs generating the seed hydrate particles. Afterwards, by ensuring low 
supersaturation conditions, gas consumed is assumed to be utilized for growth of 
already formed hydrates rather than for nucleation. Thus, gas molecules transfer 
from the bubbles to the gas-liquid interface, then diffuse through the liquid film to the 
bulk and finally incorporate onto the surface of hydrate particles. Gas and liquid 
phases are assumed to be at equilibrium at the interface where the concentration is 
evaluated at the temperature and pressure of the system (5). For sparingly soluble 
gases, the gas-liquid mass transfer resistance is restricted within the liquid film. 
 
Based on the theory of crystallization (6), gas is adsorbed onto the surface of 
hydrate crystals in two consecutive steps. Gas molecules first diffuse through the 
liquid film surrounding the crystal towards the surface where they are then adsorbed 
onto the surface of the crystal due to the lower energy provided at the surface. The 
enclathration of gas onto the surface is controlled by the equilibrium concentration, 
which is the solubility of the gas hydrate former in water at the crystal surface 
temperature (7) and system pressure as it is uniform among all phases (1). 
Equilibrium concentrations at the gas-liquid and hydrate-liquid interfaces were 
estimated using the model proposed by Hashemi et al. (8). There is no concentration 
or temperature gradient across the crystal. Moreover, temperature differences 
across the liquid films at the gas-liquid and hydrate-liquid interfaces due to 
respectively the heat of dissolution and hydrate formation were found to be negligible 
(7). Figure 1 summarizes the pressure, temperature and concentration gradients 
across the different phases. 
 
 
 
Figure 1- Temperature, pressure and concentration driving forces within the gas, 
liquid and solid phases 
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The mass balance of component i in the gas, liquid and solid phases for the reactor 
presented in figure 2 is given by equations (1) to (3). It is assumed that the rate of 
mass transfer in the liquid film layers is low and there is no accumulation of gas at 
the gas-liquid and hydrate-liquid interfaces. Water is in excess and is assumed not to 
limit the rate of hydrate formation. 
 
WaterGas
Q
Q
 
Figure 2- Schematic of the experimental apparatus 
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where 
 
1=++ sgl εεε  (4) 
 
The concentration of gas molecules at the solid surface sliC ,  can be eliminated by 
combining the two terms in eq. (3) and introducing a combined mass transfer and 
kinetic resistance around the solid hydrate particles (1/K*): 
 
sr kkK
111
* +=  (5) 
 
Since there is negligible change in the molar flow rate of dissolved component i in 
the liquid return line, the first two terms on the left side of eq. (2) are considered 
equal and eq. (2) can be rewritten as: 
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The particle surface area sa  and the solid holdup sε  per unit volume of reactor can 
be obtained from the second and third moment of a population balance (9) assuming 
that there is no particle breakage or agglomeration in the system: 
 
3,2,1,0,)0( 01 === − jjGdt
d
jjj
j µµµµ   (7) 
 
Where sa  and sε  are respectively 2πµ  and 6/3πµ  assuming spherical particles. G 
is the linear growth rate expressed by the following equation: 
 
H
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The number of particles per unit volume of reactor 0µ  at the turbidity point can be 
calculated by the excess gas converted to hydrate nuclei as follows: 
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The initial conditions for the first, second and third moments are (9): 
3,2,1)(2 00
0 == jr jcrjj µµ  (10) 
The initial size of particles can also be found from the following equation (9): 
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Here tbX  and eqX are the gas hydrate former mole fraction at the turbidity point and 
hydrate-liquid water equilibrium, respectively. The number of moles dissolved in the 
liquid at the turbidity point is assumed equal to that at vapor-liquid equilibrium. 
 
Gas holdup gε  and the volumetric liquid-side mass transfer coefficient klal were 
estimated by the correlations developed by Behkish et al. (10) and Lau et al. (11), 
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respectively. The liquid-solid convective mass transfer coefficient ks is estimated by 
the following equation (12):  
 
3/125.0Re4.02 ScSh +=  (13) 
 
Gas diffusivity was estimated using the equations proposed by Wilke and Chang 
(13). Hydrate physical parameters were obtained from the work of Malegaonkar et 
al. (14) while the intrinsic kinetic rate constant was taken from the theoretical results 
of Hashemi et al. (7). 
  
RESULT AND DISCUSSION 
 
Figure 3 shows the bulk supersaturation ratio Cl / Ceq of carbon dioxide in water as a 
function of time at 277.15 K, 21.87 bar and a liquid velocity of 0.002 m/s. Gas and 
liquid inlet temperatures were kept at 275.15 K. The simulation was not continued for 
a time period beyond 10 minutes as the probability of particles forming agglomerates 
or large particles breaking due to particle-particle, particle-stirrer and particle-wall 
collisions would be even greater (9). In order to take these phenomena into account, 
the particle size distribution needs to be measured in situ. 
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Figure 3- Supersaturation ratio of carbon dioxide in water as a function of time at 
277.15 K and 21.87 bar; liquid velocity is 0.002 m/s. 
 
Time equal to zero corresponds to the turbidity point where no more particles are 
generated by nucleation. The liquid-solid mass transfer resistance (1/ks) was found 
insignificant relative to the kinetic resistance (1/kr) with the former 107 times smaller 
than the latter. It was found that the supersaturation ratio decreased by only 0.1% 
when neglecting the change in liquid holdup with time, see eq. (6), while the curves 
maintained the same trend. It was assumed that at the onset of turbidity, the gas 
hydrate former concentration drops to the two-phase liquid-hydrate equilibrium 
value. This leads to a high gas dissolution driving force as (Clg-l-Cl) is larger than (Cl-
Cleq.) resulting in the accumulation of gas in the liquid bulk. The increase in the bulk 
concentration proceeds to a point where the rate of gas dissolution is equal to the 
rate of gas hydrate formation. Afterwards, the consistent increase in solid area 
results in a decrease in the bulk concentration, see eq. (6), and hence a lower 
driving force, see eq. (8), which in turn impedes the particles growth, see eq. (7) for j 5
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= 2. The rate of gas dissolution remains almost equal to the rate of gas hydrate 
formation as the supersaturation ratio decreases with a slope lower than -0.01 s-1. 
The mole consumption rate slowly increases during this time with a maximum (at 10 
minutes) of 0.0068 and 0.0076 mol/s at gas velocities of 0.03 and 0.1 m/s, 
respectively. The amount of heat to be removed also slowly increases during this 
time with a maximum of 0.73 and 0.85 KJ/s at gas velocities of respectively 0.03 and 
0.1 m/s. Considering the system as quasi steady-state, the kinetic resistance (1/kras) 
was found to be more influential than the gas-liquid mass transfer resistance (1/klalεl) 
with the effect naturally more pronounced at higher gas velocities resulting in greater 
supersaturation ratios. The supersaturation ratio increases with an increase in liquid 
velocity although the effect is less noticeable than that of gas velocity since klal is 
more sensitive to the gas than the liquid velocity. 
 
The technology for large-scale synthesis of gas hydrates is still in the conceptual 
mode and there is almost no data available in the open literature. To the authors’ 
knowledge, the only published data for a similar system to this work is from Mork and 
Gudmundsson (4) who produced methane hydrates. They reported an apparently 
constant mole consumption rate suggesting that the hydrate formation rate is 
strongly controlled by interphase mass transfer rather than kinetics. In their case, 
they were mechanically limited to relatively low gas superficial velocities below 0.002 
m/s. More work is required to improve the accuracy of the available intrinsic kinetic 
rate data as well as to obtain hydrodynamic data in a pilot scale system at hydrate 
forming operating conditions. We are in the commissioning stages of a reactor of 0.1 
m in diameter capable of sustaining pressures up to 10 MPa. The gas and liquid 
velocities can be varied up to 0.40 and 0.10 m/s, respectively. As in figure 2, the 
reactor wall is jacketed and there is an external shell and tube heat exchanger for 
additional removal of heat of hydrate formation. Experiments in this system should 
provide useful data to test the accuracy of the proposed model and provide 
information for the design of this novel technology for gas capture and storage. 
 
CONCLUSION 
 
A dynamic gas hydrate growth model was formulated for an agitated three-phase 
slurry reactor. The model uses a theoretical population balance and is based on 
driving forces that require estimates of gas-liquid and liquid-hydrate equilibrium 
concentrations. For the range of operating conditions investigated, mole 
consumption rates were affected more by hydrate formation kinetics than by gas-
liquid mass transfer. However, at present, there is insufficient available experimental 
data to validate the proposed model. More work is required to obtain accurate 
intrinsic kinetic rate constants as well as transport properties at hydrate forming 
conditions. 
 
NOTATION 
 
sa  liquid-solid interfacial area per unit volume of reactor, m hyd.2 mR-3  
A  cross sectional area of reactor, m2 
C  concentration, mol m-3 
pd  particle diameter, 01 / µµ , m 
D  diffusivity in liquid, m2 s-1 
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f  fugacity, Pa 
G  linear growth rate, m s-1 
rk  intrinsic kinetic rate constant, mliq.
3mhyd.-2 s-1 
ll ak  volumetric liquid-side mass transfer coefficient, s-1 
sk  liquid-solid convective mass transfer coefficient, mliq.3mhyd.-2 s-1 
*K  combined rate parameter, mliq.3mhyd.-2 s-1 
M  molecular weight of the hydrate of the form OHnCO w 22 .  
pN  number of particles in the liquid phase 
n  moles of gas consumed, mol 
Q rate of heat removal, KJ s-1 
R  gas constant, J mol-1 K-1 
Re  3/14 )/( lpg dgU υ  
P  pressure, Pa 
crr  critical radius, m 
Sh  Ddk ps /  
Sc  Dll ρµ /  
T  temperature, K 
t  time, s 
U  velocity, m s-1 
RV  reactor volume, m
3 
v  molar volume, m3 mol-1 
X  mole fraction 
 
Greek letters 
 ε  phase holdup 
ρ  density, kg m-3 
σ  surface tension for a hydrate-water system, J m-2 
g∆  free energy change per unit volume of product, J m-3 
υ  kinematic viscosity, m2 s-1 
µ  viscosity, Pa s 
jµ  n-th moment of particle distribution, mj mR-3 
0
jµ  initial n-th moment of particle distribution 
 
Subscripts and Superscripts 
 
i  gas component 
.eq  hydrate-liquid water equilibrium 
exp  experimental condition 
g  gas phase 
lg −  gas-liquid interface 
H  hydrate phase 7
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l  liquid bulk 
s  surface of solid, solid(hydrate) phase 
tb  turbidity point 
w  water  
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